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methylmercury affecting the sensory, visual and auditory functions.  Low doses can create 
non-specific symptoms such as paresthesia (tingling of the extremities), malaise, or blurred 
vision.  Higher doses can cause deafness, loss of coordination when walking, and speech 
disorders, and in the worst cases, coma and death (Baird and Cann, 2005).   
The most problematic sources of mercury pollution occur when it bio accumulates in the 
aquatic food chain, with unacceptable concentrations of mercury being found in predatory 
fish or animals, such as seals or Tuna or polar bears, as well as Arctic people (Baird and 
Cann, 2005).  If this bio accumulation is to be controlled, it is essential to break the source-
pathway-target link, and the most logical point is to try to break the link between the source 
and the first link; in other words, the inorganic source of pollution and its bio methylation.  
The United States Environmental Protection Agency (USEPA), proposed regulations in 
2003 requiring coal fired power plants to install air pollution treatment devices which 
would remove mercury from exhaust gases before being emitted into the air due to the 
environmental problem in the U.S.A, particularly the high concentration of Hg 
accumulation in fish.  The elemental mercury in the atmosphere can also undergo 
transformations into inorganic and organic mercury forms.  The most common natural 
forms of mercury found in the environment are metallic mercury, mercury sulfide, mercuric 
chloride, and methylmercury.  Some micro-organisms and natural processes can change the 
mercury in the environment from one form to another (UNEP, 2003).  
Fly ash from coal fired power plant is other important pollutant. Coal fired power plant is a 
major anthropogenic sources which produced large amount of fly ash.  The American Coal 
Ash Association, ACAA (2002) reported that in the U.S.A alone the electricity utilities 
used 128.7 million tons of coal which produced approximately 76.6 million tons of fly ash.  
Fly ash is the material obtained from dust collection devices which remove particulate 
matter from the flue gases.  Coal-fired power plant ash contains both the combustion solids 
of coal mineral matter from coal, and unburnt carbon.  The type of fly ash depends on the 
type of coal and the manner in which the burnt ash is collected.  Approximately one-third 
of the fly ash produced is utilised in cement, concrete, structural fill, waste stabilisation and 
road base stabilisation, whereas the rest is disposed of in landfill (Komnitsas et al., 2004; 
Wang et al., 2004).  However, some research has found that fly ash could be used as   12 
incubated sediment than the aerobically incubated sediment was found by Callister and 
Winfrey (1986).  Gagnon et al. (1996) observed that the higher methyl mercury 
concentration in pore water extracted from anoxic sediment than that from oxic sediment.  
This is almost certainly the result of anaerobic conditions favour methylation.  On the other 
hand, mercury demethylation or degradation of methyl mercury occurs more rapidly under 
aerobic conditions (Compeau and Bartha, 1984; Olson and Cooper, 1976).  Baird and Cann 
(2005) found that the process of dimethylmercury formation occurred in the muddy 
sediments of rivers and lakes, especially under anaerobic conditions.  Årne, (1972) reported 
that the methylation activity very often was higher under anaerobic conditions than under 
aerobic condition, and microbe were the important factor for methylation.  Fagerstrom and 
Jernelov (1972) found that freshwater sediment had higher Hg
2+ methylation activity and 
higher persistence of methylmercury under anaerobic condition than aerobic incubation 
condition.  Both methylation rates and the stability of methyl mercury in sediments appear 
to be enhanced under anaerobic conditions, in contrast to methylation rates under aerobic 
conditions.  These may because of the reduced activities of anaerobic sulfate reducing 
bacteria.   
The effect of pH on mercury methylation in sediment is uncertain.  Some studies indicated 
that decreased pH could inhibit the mercury methylation but others indicated that decreased 
pH could enhance the formation of mercury methylation.  For example, Kelly and Rudd 
(2003) showed that bioaccumulation was positively correlated with the concentration of H
+ 
(decreasing pH).  The uptake of both charged and uncharged mercury species was increased 
with high concentration of H
+(decreasing pH).  In contrast, Ramlal and Rudd (1985) and 
Steffan and Korthals (1988) found that mercury methylation production in sediment 
decreased when decreasing pH from 7 to 4.5.  Steffan and Korthals (1988) found that 
mercury methylation was inhibited more than 65% when the sediment was acidified to pH 
4.5. 
In 2006, Lambertsson and Nilsson found that the concentration of methylmercury was 
affected by organic matter which influenced microbial activity and controlled the partition 
of Hg between solid and dissolved phase by serving as complexing agents for Hg
2+ and 
methylmercury.  They indicated that concentration of total mercury (Hgtot) and redox   13 
potential influence the relative importance of reductive and oxidative demethylation 
pathways.  Reductive demethylation seems to predominate in mercury contaminated water 
under aerobic condition, while oxidative demethylation mainly occurs in unpolluted anoxic 
sediment. Oxidative demethylation end product is Hg
2+.  On the other hand, reductive 
demethylation is no net elimination of Hg
2+ takes place in this process. Anoxic sediment 
may therefore be subjected to higher degrees of methyl mercury accumulation compared to 
Hg contaminated sediment as a result of substrate (Hg
2+) recycling. King and Kostka 
(2000) and Lambertsson and Nilsson (2006) reported that organic rich sediment with low 
redox potential increased production and mercury methylation rate, and then increased the 
accumulation of methylmercury in sediment.  Several researches reported that organic 
matter in fresh and marine sediments had a positive effect on mercury methylation 
(Callister and Winfrey, 1986; Choi and Ctiase 1994; Lambertsson and Nilsson, 2006).  
High organic contents in the sediment are a prerequisite for maintaining low redox 
potentials, supplies electron donors for SRB and concomitant mercury methylation.    
The controlling factors of Hg accumulation in aquatic biota are not well understood.  
Normally, accumulation of methylmercury is explained by its high stability and lipid 
solubility, and high binding to –SH groups associated with protein (Ullrich et al., 2001).  
However, several studies have pointed out that the sulfide concentration could be a limiting 
factor for mercury methylation and that potential mercury methylation rates are positively 
correlated with reduction rates (Wu, 2006).  Mercuric sulfide (HgS) is main insoluble 
(LHgS= 10
-53 mol
2 l
-2) inorganic Hg compound in aquatic systems.  Mercuric oxide (HgO), 
which is sparingly soluble (10
-4 mol l
-1) is also commonly encountered in contaminated 
environment.  HgS formation is generally favored at low pH and low sulfide concentration.  
Under low Eh and high pH conditions, or an excess of sulfide ions is present HgS can be 
converted to soluble Hg-S complexes such as HgS
2-.  Organic matter also enhances the 
solubility of HgS and may lead to a significant release of Hg into solution.  Previous studies 
suggested that mercury in HgS form is not available for bacterial methylation under 
anaerobic condition (Ullrich et al., 2001).  This confirmed by the finding of Compeau and 
Bartha (1984), Gilmour and Riedel (1998) and Berman and Bartha (1986).  They reported 
that inhibited mercury methylation by controlling the bioavailability of mercury.  High 
sulfide often builds up in the anaerobic sediment with organic rich matter and sea salt.    15 
Methyl mercury can bind to the sulfhydryl group in proteins and is therefore distributed 
throughout the fish. Thus, the mercury-containing part cannot be eliminated before the fish 
is eaten.  Fish absorb methyl mercury that is dissolved in water as it passes across their gills 
and their food supply (the United Nations Environment Programme (UNEP), 2003; 
Hightower and Moore, 2003; Baird and Cann, 2005). 
In 1953, Minamata disease was first recognized as methylmercury poisoning via 
bioaccumulation in aquatic food chains at Minamata, Japan.  111 people were poisoned 
after eating sea food containing high concentration of methylmercury (27-102 ppm dry 
weight).  The second Minamata disease epidemic broke out in the Agano River region in 
Niigata prefecture in Japan in 1964-65.  26 people were poisoned after eating sea food 
contaminated with methylmercury compounds and 5 died (Frei and Hutzinger, 1975).  By 
1956, it was shown that the populations were suffering from Hg poisoning due to the 
ingestion of fish and shellfish from the Minamata bay (Gochfeld, 2003).  In 1959, the Hg 
contamination was extraordinarily high up to 2,010 mg.l
-1 in mud near the drainage channel 
of  Chisso (Minamata Bay), and the Hg content only moderately declined with increased 
distance from the channel.  Fish and shellfish in the bay contained high Hg concentrations.  
The cause was Hg effluent from the Chisso chemical plant’s acetaldehyde production 
where inorganic HgSO4 was used as a catalyst and methylated in the sediments of the bay 
(Harada, 1995).  Clarkson et al., (2003a) estimated that the amount of discharged Hg was 
456 tons of Hg of which about one ton of MeHg was formed between 1932 and 1968.   
Another Hg poisoning episode happened in Iraq during 1971 to 1972 in the winter.  Wheat 
seeds for crop planting, which had been treated with MeHg as a fungicide, were distributed 
in the rural areas.  The seeds were ground for making flour and baked into bread.  The 
bread was contaminated with MeHg, and consequently damaged the local people’s health. 
The susceptibility of the fetus to in-utero exposure to methyl mercury was also observed in 
this outbreak.  Thirty-three infants had abnormal neurological scores and eight infants were 
born to mothers whose hair had Hg concentration between 10 and 20 mg l
-1.   
Clearly since the organic form of mercury is the most toxic and is the cause of most of the 
mercury encountered in man, it is important to control its up take by breaking the   22 
coal-fired power plants as cheap adsorbent (Kilgroe et al., 2001, Senior et al., 2004, 
USEPA, 1999).   
Wang and Wu (2006) studied the ability of fly ash to remove inorganic anions from 
wastewater such as phosphate, fluoride and boron. This study reported that fly ash can be 
used in wastewater treatment as adsorbent material.  It can remove dye, organic 
compounds, and toxic metal ions from wastewater.  Gangoli et al., (1975) for example, 
investigated the use of fly ash for removing heavy metals from industrial wastewater. They 
concluded that the adsorption of metal ions adsorbed on fly ash was possible because of its 
high content of silica and alumina.  They also reported that precipitation and/or adsorption 
processes of fly ash could remove heavy metals from wastewater.  Calcium hydroxide in 
fly ash is alkaline and a precipitation agent for heavy metals and quantities of unburnt 
carbon, silica and alumina, which are available in fly ash, act as an anion adsorbent in 
adsorption process.   
A number of researches have studied the removal of chromium ions (Cr
6+ and Cr
3+) using 
fly ash.  Grover and Narayanaswamy, (1982) for example, found that the most effective 
removal of Cr
6+ occurred at lower pHs.  Dasmahapatra et al., (1996) also studied the 
adsorption of Cr
6+ on fly ash.  They found that the removal percentage of Cr
6+ by fly ash 
was affected by the concentration of Cr
6+ solution, temperature, particle size of fly ash, and 
pH.  The results showed that under acidic condition, increasing chromium ion 
concentrations and temperatures increased the percent removal of Cr
6+.  However, particle 
size did not have a significant effect on Cr
6+ removal.  Panday et al., (1984) found that the 
removal efficiency of Cr
6+ from aqueous solution by using a mixture of fly ash and 
wollastonite (1:1) depended on concentration, pH, and temperature of the solution.  The 
amount of Cr
6+ adsorption was increased with increasing Cr
6+ concentration in solution.  
The maximum removal of Cr
6+ was 2.92 mg g
-1 at pH 2 and 30
oC.  In 2002, Kelleher et al., 
investigated the removal of Cr
3+ by using fly ash from combustion of poultry litter.  They 
found that the capacity of Cr
3+ adsorption was 53 mg g
-1 at 20
oC.  Fly ash adsorption has 
also been used to treat a number of other metals including Na, K, Mg, Cu, Cd, Mn, Pb, Fe, 
Ni, and Zn.  Panday et al., (1985) studied the removal of copper ion (Cu
2+) and found that 
the removal efficiency was dependent on concentration, pH, and temperature.  The   24 
concentration, and HCl concentration in flue gas.  They concluded that the adsorption 
capacity increased when the temperature decreased, the mercury concentration increased, 
the NOx concentration decreased, or the HCl concentration increased.  Malerius and 
Werther, (2003) investigated mercury capture in an existing sewage sludge incineration 
plant.  They found that the adsorption isotherm of fly ash was the Langmuir type whereas 
the adsorption isotherm of activated coals and zeolites were the Freundlich type.  
A number of researches found that mercury capture often correlates directly with carbon 
content in residual fly ash (Hassett and Eylands, 1999; Huggins et al., 2000; Butz et al., 
1999; Butz et al., 2000; Butz and Albiston, 2000; Hower et al., 2000a; Hower et al., 
2000b).  Serre and Silcox (2000) reported that unburnt carbon which remained in coal fly 
ash could be used as a low cost and effective replacement for activated carbon.  Adsorbed-
phase concentration was approximately 600 ppm.  These results showed that a dilute 
suspension of fly ash in flue gas ducts and in baghouse filters could adsorb Hg
0 and that the 
best option for controlling Hg
0 emissions using fly ash appeared to be injection pulses prior 
to a baghouse filter.  The effect of the porous structure and surface functionality on the 
mercury capture of fly ash carbon and its activated sample has also been investigated by 
Serre and Silcox (2000).  They found that the activated fly ash carbon samples had lower 
mercury capacity than its preceding fly ash carbon (0.23 mg.g
-1 versus 1.85 mg.g
-1), 
although its surface area was around 15 times larger, 863 m
2 g
-1 versus 53 m
2 g
-1.  Maroto-
Valer et al. (2001) found that oxygen functionality and the presence of halogen species on 
the surface of fly ash carbons could promote mercury adsorption, whereas the surface area 
did not seem to have a significant effect on their mercury adsorption capacity.  Bannerjee et 
al. (2005) found that adsorption efficiency depended on the initial concentration with 
adsorption behavior following the Langmuir adsorption model (up to a maximum 
adsorption capacity for Hg (II) of 11.00 mg g
-1 and the adsorption process was endothermic 
reaction.)  
Isabel and Parra (2007) reported that the relationship between Hg capture and the 
percentage of carbon in fly ashes from the combustion of bituminous coal showed a high 
correlation (r
2 =0.98) and (r
2 = 0.82) for anthracitic fly ash.  Different types of unburnt 
carbons have an affect on the amount of adsorbed Hg.  Maroto-Valer et al. (2001) reported   26 
In conclusion, the review of source, of amount, and of physical and chemical properties of 
fly ash, has shown that fly ash has ability to utilise as low cost adsorbent material to adsorb 
many pollutants which contaminated in the environment, especially when using fly ash to 
adsorb heavy metals in both aqueous and flume gas.  However, there are two limiting point 
of views that little done by the reviews.  Firstly, many studies were done on optimum 
conditions suitable for removal of mercury such as contact time and adsorption capacity at 
low pH (3.0 to 5.0.)  However, no work has been done on natural pH and temperature 
which are usually found in the environment.  Secondly, there has been no work done to 
establish if fly ash has any potential to stabilise Hg under anaerobic condition with organic 
rich sediment at pH between 6.0 and 8.0 as occurs in the natural environment.  Then, 
therefore, this investigation needs to focus on using fly ash to remove low concentration of 
Hg from freshwater under anaerobic conditions with organic rich sediment by adsorption 
process.    51 
and Delebarre, (2003).  In their study of the removal of mercury by fly ash in aqueous 
solution in fluidized bed fly ash removal plants.  They concluded that chemisorption 
(chemical bond) was the most likely form of uptake.  In general, physisorption (physical 
bond) is the dominant phenomenon in adsorption mechanisms of activated carbon.  The 
determination of carbon content containing in Ekibatuz fly ash was measured by three 
different methods (approximately 18% by using Elemental analyzer Flash EA1112 Series 
(see Appendix A), approximately 19% by using LOI determination method at 850
oC (see 
Appendix A), and approximately 20% by using LOI determination method at 900
oC 
(determined by Department of Science Service, Thailand).  The results confirmed that the 
percentage of unburnt carbon containing in the fly ash was very high and close to 20%.  
Kazak Institute of Climate and Environment Monitor (1996) reported that Ekibastuz coal 
had carbon content of approximately 42%.  According to the above only 50% of the carbon 
appease to have been burnt indicating that the combustion efficiency of Ekibastuz power 
plant was very low.  The unburnt carbon content in Ekibastuz ash was twenty times higher 
than in Rio and Delebarre, (2003) samples from France which contained less than 1% 
unburnt carbon. Therefore, unburnt carbon could be the main factor affecting mercury 
adsorption of Ekibastuz ash at pH ranging from 6 to 8, and physical adsorption could be the 
major mechanism of adsorption as described by Crittenden et al. (2005).  In principle, 
physical adsorption is not specific for which compounds sorbs to surface sites and has 
weaker forces and energies of bonding, and is more reversible than chemisorption 
(Crittenden et al., 2005).   The comparison of mercury concentration which desorbed from 
wet and air dried ash showed that wet ash released more mercury than air dried ash.  This 
may be because the structure of the ash surface changed during drying reducing the area for 
adsorption.  Rio and Delebarre, (2003) showed using X-ray photoelectrons spectroscopy 
that adsorption mechanism of mercury in the French ash related to the oxide of calcium and 
aluminum and were formed in the hydration process.  This may well explain the low 
exchange ability of part of the adsorbed mercury.  
The pH of solution is the most important factor affecting the adsorption/desorption 
processes, due to the effect of pH on metal ion complex and metal ion mobility (James and 
Healy, 1972; Benjamin and Leckie, 1981; Elliot and Denneny, 1982; Panday et al., 1985; 
Apak et al., 1998; Manceau et al., 2000; Hequet et al., 2001; Rao et al., 2002; Rio and   52 
Delebarre, 2003; and Cho et al., 2005).  Their studies found that low pH (acid condition) 
had higher metal ion mobility than high pH (over pH 7); therefore, there was more metal 
ion desorbed from spent adsorbent to solution when pH of solution was below 7.  Rio and 
Delebarre (2003) study, for example, found that the leaching of air dried spent silico-
aluminous and sulfo-calcic at pH 5 was 16.3% and 7.2% while desorption of mercury from 
air dried spent Ekibastuz ash at pH 7 was 6%.  However, the results in this study (Figure 4-
9) showed that pH of solution ranging from 6.0 to 8.0 normally found in the natural aquatic 
system had no significant effect on wet spent Ekibastuz ash mercury desorption and the 
concentration of mercury in leachate was accepted limit.  
The further experiment was designed to study fly ash behaviours in aquatic system under 
anaerobic condition and organic rich with contaminated mercury.    59 
sediments ranged from 0.11 to 1,500 mg kg
-1 with a typical bed load of 10 to 15 ton 
(Ullrich, 2007).  To provide full stabilisation this would require between 3.3 and 5.0 kg of 
ash to be added per m
2 of bed. 
Most solubilisation of mercury takes place in the aquatic environment through anaerobic 
biological methylation to form the highly toxic soluble methylmercury.  The results from 
the experiment to confirm its effectiveness in stabilising mercury in anaerobic sediments 
showed that Ekibastuz fly ash was highly effective in stabilising mercury in anaerobic 
condition with organic rich sediments, preventing the concentration of soluble mercury in 
solution to rise above the water quality standard of mercury in surface water recommended 
by The Federal Clean Air Act and USEPA (2008) (1.4  g.l
-1),  even though water quality 
standard of mercury in drinking water  recommended by the WHO (2005) was 1  g.l
-1.     
It can therefore be concluded that fly ash from Ekibastuz appears to be effective in limiting 
the environmental availability of mercury in the aquatic environment.  This is confirmed by 
observations in the River Nura in Central Kazakhstan that despite very high concentrations 
of mercury in bed sediments, there were low concentrations of mercury in filtered water 
samples and only slightly elevated mercury in fish (Ullrich, 2007).  The authors explained 
this by the fact that most of the mercury ion in the sediments was adsorbed on 
approximately 6 million tons of fly ash. 
 According to the experiment (see Chapter 3 section 3.2.7.2), adding fly ash to the reactors 
caused the pH to rise from 6.5-6.7 to 7.8-8.3 (Table 5-3).  Many researches studying 
methylation in lakes showed that low pH favoured solubilisation of Hg (Xun and Campbell, 
1987; Miskimmin, 1991; Craig and Moreton, 1983; and Winfrey and Rudd, 1990). Both 
Xun and Miskimmin found that methyl mercury concentrations increased at low pH lake 
water due to the reduced binding of inorganic mercury to dissolved organic carbon, then 
therefore increased the Hg (II) availability for methylation. The low concentration of 
methyl mercury found at high pH lakes because the formation of volatile dimethylmercury 
and the volatilization of Hg
0 (Craig and Moreton, 1983; Winfrey and Rudd, 1990).   
The question then arises as to whether unburnt carbon on pH is the main factor that results 
in fly ash being very effective at reducing soluble mercury.   62 
suitable and economical option for stabilising low concentrations of mercury in the aquatic 
environment.    
Further work is needed on the wider use of fly ash as low cost adsorbent material for 
remediation of mercury problems such as mercury capture from emission gas, mercury 
removal from wastewater and immobilisation of mercury in soil.  Indeed it may be possible 
to predict the likely effectiveness of an ash in a particular polluted environment by 
establishing its unburnt carbon content. 
The second note of caution comes from the fact that although fly ash is likely to be 
effective for stabilising mercury, there is the practical problem of keeping contaminated fly 
ash in place until it has captured the available mercury.  This problem is likely to be 
particularly acute in rivers at a time of flood and in shallow lakes where waves and current 
actions are expected to redistribute contaminated fly ash over time and could remove from 
the contaminated area. The monitoring programme of mercury concentrations at 
contaminated area is also necessary to set up.    63 
Appendix A : Unburnt Carbon content determination by using  
Elemental Analyzer Flash EA1112 Series 
 
Sample ID  Sample weight (mg)  Peak height    
Reagent Blank (1)     11271    
Reagent Blank (2)     10011    
Reagent Blank (3)     8086    
Reagent Blank (4)     8151    
   Average blank  9379.75    
Sample ID  Sample weight, (mg)  Peak height  %Carbon content 
Ekibatuz fly ash-1  9  7618092  17.63819444 
Ekibatuz fly ash-2  6.4  5293576  17.42422094 
Ekibatuz fly ash-3  5.4  4766103  18.57730339 
       Average   17.88 
Calibration curve          
Sample ID 
Carbon content, 
mg/100mg sample 
Peak height 
  
Reference standard 1  13.79  693855.25    
Reference standard 2  19.18  913933.25    
Reference standard 3  34.78  1694659.25    
Reference standard 4  70.84  3404911.25    
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y = 47800x + 20761
R
2 = 0.9998
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